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Fabrication and Characterization of High-Tc SQUID
Magnetometer With Damping Resistance
M. Matsuda, T. Otowa, T. Matsuura, S. Kuriki, Y. Kawaguchi, and K. Takahashi
Abstract—Effects of damping resistance on current versus
voltage ( - ) characteristics for high- superconducting
quantum interference devices (SQUIDs) were studied. In the
transverse-type SQUID with coplanar strip lines, parasitic capac-
itance originating from the large dielectric constant of SrTiO3
substrates can induce resonance structures on - curves and
degrade the modulation voltage. In our simulations, it is shown
that the modulation voltage is much improved by using damping
resistance. However, the obtained experimental results for our
SQUIDs with Au damping do not agree well with those in the
simulations. The discrepancy is likely due to existence of the large
contact resistance between Au and YBa2Cu3O7 films.
Index Terms—Damping resistance, modulation voltage, reso-
nance phenomena, SQUIDs.
I. INTRODUCTION
I N fabricating grain boundary junctions, SrTiO (STO) hasbeen widely used as a substrate for YBa Cu O (YBCO)
film deposition, though it has large dielectric constant,
[1] at 77 K. This high permittivity was not thought to
bring about serious problems in superconducting quantum in-
terference devices (SQUIDs) where the frequency of Josephson
oscillation is relatively low. However, for the practical SQUID
with inductance formed by a pair of coplanar lines, the reso-
nance phenomenon takes place as a result of the formation of
standing electromagnetic waves within the STO between the
strips. The resonance can induce some changes in the current-
voltage ( - ) characteristics of the SQUID such as the occur-
rence of the crossover structure between the curves at and
. Here, is the flux quantum. The presence of
this structure can degrade the modulation voltage, , of the
SQUID. Especially for the transverse-type SQUID with a long
hole parallel to the bicrystal line and junctions at each end of the
hole, the resonance voltage, , is calculated [1] in terms of ,
, strip line length of , velocity of light of , and the number
for flux quanta of , using the following two relations:
for
for (1)
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Fig. 1. An equivalent circuit of a transvers-type SQUID by lump components.
where, . One of the solutions to avoid resonance
and to improve is the use of LaAlO Sr Al Ta O
(LSAT) substrates with low permittivity [2]. However, it is cur-
rently very difficult to purchase LSAT bicrystal substrates.
We studied the effect of the damping resistance that exists
parallel to the inductance of the SQUID in a distributed manner,
using both analytical and experimental methods. It has been al-
ready reported that degradation of due to large SQUID in-
ductances can be recovered when the damping resistance, which
is regarded as a lump component, is introduced [3]–[5]. In this
paper, first, we show results of numerical simulations for the
damping effect by a lump circuit model. Next, experimental re-
sults for YBCO SQUIDs with the Au damping resistance are
shown. Finally, we discuss the effect of contact resistance be-
tween Au and YBCO by using results of analytical calculations
by a distributed impedance circuit model.
II. LUMP MODEL SIMULATION
In this model, inductance, capacitance, and resistance are re-
garded as the lump components in the equivalent circuit for the
transverse-type SQUID shown in Fig. 1. Here, represents
a parasitic capacitance component between strip lines, and
is a damping resistance. are noise currents with Gaussian
random variables due to the thermal noise associated with the
resistances. We derived the set of equations describing time-de-
pendent behavior and obtained the dc voltage, , of the SQUID
as a function of bias current, , by averaging the voltage of
two junctions over time period which are long compared with
the Josephson period [6]. Fig. 2 shows the simulated - char-
acteristics of the SQUIDs with various values of damping re-
sistance. Here, we used the normal resistance of 6 , a
critical current 2 of 32 A, SQUID inductance of 73 pH,
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854 IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 13, NO. 2, JUNE 2003
Fig. 2. Simulated I-V characteristics of SQUIDs with various values of
damping resistance.
inductance parameter of 1.13, capacitance pa-
rameter of 2.98, and tempera-
ture of 77 K, from the experimental values. The current step
occurs when the frequency of the Josephson current coincides
with a resonance frequency of the -2 - circuit. Then, for
the SQUID without damping, the voltage at which the current
step occurs can be given by
(2)
For the SQUID with resistance, , parallel to the inductance,
, the resonant current is damped depending on the value of .
It can be seen that a crossover point of the two - curves shifts
to a higher voltage region with decreasing of values. Even
the relatively large damping resistance, , of 24 , which is
two times larger than the junction resistance, , is effective
for the improvement of .
III. EXPERIMENTAL RESULTS
The SQUID magnetometers are prepared from -axis
oriented YBCO films. A 150 nm thick film of YBCO and
a 10–200 nm thick film of Au were deposited sequentially
without breaking vacuum by a pulsed laser deposition on a
10 mm 10 mm STO bicrystal substrate with a misorientation
angle of 30 . They show a transition temperature of 89 K and a
critical current density at 77 K exceeding 5 10 A cm except
at the grain boundaries. Measured resistivity of our Au film at
77 K was around 1.2 cm. The films were patterned to form
the magnetometer geometry illustrated in Fig. 3 by Ar ion beam
etching and standard photolithography. The transverse-type
SQUID has two parallel strips of 5 m width and a long hole
parallel to the bicrystal line. The hole length and width are
58-70 and 10 m, respectively. The 1.5–2.5 m wide bridges
including grain boundary junctions are located at the both sides
of the hole. Two separate pickup coils are connected to the
right and left ends of the upper and lower strips in order to form
the direct-coupled scheme. In this geometry, high coupling of
Fig. 3. Geometry of a transverse-type SQUID fabricated.
Fig. 4. I-V characteristics of fabricated SQUIDs without and with damping
resistance for different Au film thickness.
more than 80% is obtained [7]. Au films left only on the YBCO
strip lines by wet etching using KI solution act as the damping
resistance. In this shape, a Au thickness of 10, 100, and 200 nm
corresponds to the value of the damping resistance, , of 27.1,
3.3, and 1.4 , respectively.
Fig. 4 shows the - characteristics of fabricated SQUIDs
without and with damping resistance for different Au film thick-
nesses. In the case of the SQUID without damping resistance,
the curves exhibit multiple steps clearly due to the formation of
higher modes standing electromagnetic waves. Observed volt-
ages at the first ( ) steps for and agree
well with the calculated values for of 172 and 86 V by
(1). For the SQUID with damping resistance, contrary to re-
sults of the lump model simulation, a significant shift of the
crossover point was not observed throughout this region of Au
thickness. Measured values of for each SQUID are listed
in Table I. For comparison, the expected values for SQUIDs
without damping resistance given by Enpuku et al. in [8]:
(3)
are also shown in this Table. The ratio of to
is 0.4–0.7 and is independent of the value of the damping
resistance. Hence we cannot confirm any suppression of the
resonance phenomenon.
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TABLE I
PARAMETERS OF THE SQUIDS OBTAINED
Fig. 5. An equivalent circuit of a transverse-type SQUID including the
distributed impedance of coplanar strip lines.
IV. DISTRIBUTED IMPEDANCE MODEL ANALYSIS
Obtained experimental results for the SQUIDs with Au
damping do not agree well with those in the lump model
simulations. One of the possible reasons for the discrepancy is
the existence of the inductance component for the Au damping
resistor, and contact resistance between Au and YBCO films.
Both of them were not taken into account in the simulation and
could exist in a distributed manner. In our previous study [9],
we showed that the - characteristics and their change with
applied flux can be calculated analytically if the impedance
function of the SQUID can be expressed with a four terminal
network circuit.
Fig. 5 shows the equivalent circuit of the transverse-type
SQUID including the distributed impedance of coplanar strip
lines. Here, and represent an inductance and a capacitance
per unit length for the strip lines, respectively. and are a
damping resistance including contact resistance for Au/YBCO
and an inductance component for Au damping layer per unit
length, respectively. We assumed the contact resistance between
Au and YBCO films deposited by in-situ process to be about
5 10 cm [10], [11]. The Josephson currents of junctions
in the voltage states are simplified to a sinusoidally oscillating
rf currents, on which the dc supercurrent is superimposed. The
applied flux is expressed as a phase difference between the two
rf currents. Time-dependent voltages across the junctions are
determined from the interaction of rf currents after modifica-
tion by the complex impedance between two junctions. Fig. 6
shows the calculated - curves of SQUIDs without and with
damping resistance for different Au film thicknesses. Here, we
assumed the strip line length of 58 m. The other parameters
are as followed; , A, pH,
Fig. 6. Calculated I-V curves of SQUIDs without and with damping
resistance for different Au film thickness.
Fig. 7. Calculated (a) and measured (b) I-V characteristics of a SQUID with
200 nm thick Au damping resistance. Curves in (a) at low voltage region are
given by lump model simulations.
pH m, fF m, pH m,
and K. It is shown that multiple crossover structure
on the - characteristics are expressed by the distributed
impedance model. Especially for the SQUID without damping,
calculated curves can be well fitted to the experimental re-
sults shown in Fig. 4 except for the very low voltage region.
The main cause of the deviation in this region is the strong
nonsinusoidal behavior of the Josephson oscillation at low
voltages, which is neglected in the sinusoidal approximation
in the present analytical calculation. With the decrease of the
damping resistance values, we can also see considerable shifts
of the crossover point to higher voltages as shown in Fig. 6.
If we introduce an extremely larger value for than the
first assumption of 5 10 cm , the calculated results of the
analysis will drastically change. The larger by two orders
of magnitude could weaken the damping effect and explain the
experimental results. Whereas the large works in the sim-
ilar way, it is not likely that the value is larger by two orders
of magnitude than that estimated from the geometry. Fig. 7(a)
shows the calculated - curves for a SQUID with contact re-
sistance of 2.3 10 cm . The other parameters are as fol-
lows; strip line length of 58 m, Au film thickness of 200 nm,
, A, pH, pH m,
fF m, pH m, and K. At
low voltage region near the supercurrent, - curves are re-
placed by the results given by a lump model simulation. The
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measured results for a SQUID with a 200 nm thick Au damping
resistance are also shown in Fig. 7(b) for comparison. Charac-
teristics obtained by the analytical calculation agree reasonably
with the experimental results. The contact resistances between
Au/YBCO films deposited by in-situ and ex-situ processes were
reported to be about 10 cm and 10 cm , respectively
[10], [11]. Our assumption of 2.3 10 cm lies between
two extremes. Up to now, we can only confirm that the contact
resistance in our Au/YBCO film interface is at least lower than
3 10 cm . It seems to be important to evaluate the con-
tact resistance value precisely and reduce it.
V. CONCLUSION
We studied the effect of the damping resistance existing par-
allel to the inductance of the SQUID in a distributed manner,
analytically and experimentally. Characteristics obtained by the
analysis calculation agreed reasonably with the experimental re-
sults when we took account of the considerably large contact
resistance around 10 cm between Au and YBCO films.
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